Short chain fatty acids (SCFA), such as propionic acid (PA), are natural human intestinal antimicrobials 41 and immune modulators that are also used in Western food production and agriculture. Here we examine 42 the effect of PA on the pathogenicity of the Crohn's disease-associated microbe, adherent-invasive 43 Escherichia coli (AIEC). We show that AIEC is insensitive to the antimicrobial effects of PA and adapts 44 to utilize it for efficient growth. Repeated exposure of AIEC to PA significantly increases AIEC 45 adherence to human intestinal epithelial cells, acid tolerance and biofilm formation. RNA-sequencing 46 identified transcriptional changes in response to PA with upregulation of genes involved in biofilm 47 formation, stress responses, metabolism, membrane integrity and use of alternative carbon sources. 48 Finally, after pre-exposure to PA, AIEC demonstrated an increased ability to colonize (>5-fold) and 49 persist (>50-fold) in an in vivo model where the low murine intestinal PA concentrations were increased 50 to mimic those found in humans. Our data indicates that exposure of AIEC to PA evolves bacteria that are 51 both resistant to this natural human intestinal antimicrobial, and increasingly virulent in its presence. 52 Importance 53 Propionic acid (PA) is a common agricultural and industrial antimicrobial in the Western world. Its use is 54 increasing as efforts intensify to reduce reliance on antibiotics, particularly in food production. Here we 55 show that exposure of adherent-invasive Escherichia coli (AIEC) to PA induced significant virulence 56 associated phenotypic changes. AIEC exhibited greater adherence and biofilm formation in vitro, 57 translating into greater colonization and persistence in an in vivo mouse model. RNAseq analysis 58 identified transcriptional changes directly related to these phenotypic changes. While PA is generally 59 regarded as safe for both human and animal use, the significance of SCFAs such as PA to maintaining 60 human intestinal immune health means their widespread use requires further scrutiny. This will allow us 61 to understand if, in a similar manner to antibiotics, SCFAs are facilitating horizontal transmission of 62 microorganisms.
Introduction

64
The effect of increased preservative use on bacteria, particularly in agriculture and food 65 producing animals (FPAs), has remained largely unexplored. While there is increasing evidence for 66 antibiotic driven enhanced genome wide mutation rates [1] and horizontal transmission of bacteria from 67 FPAs to humans, the role of alternative antimicrobials in driving a similar form of horizontal transmission 68 of microbes has not been addressed [2] [3] [4] .
69
One such group of alternative antimicrobials are short chain fatty acids (SCFAs). SCFAs are 70 naturally produced within the gut as inflammatory mediators as the microbiota facilitate the breakdown of 71 undigested carbohydrates and starches into small carbon molecules with acetic (AA), butyric (BA) and 72 propionic acids (PA) accounting for approximately 90% of these. SCFAs are also easy to manufacture on 73 an industrial scale and are now commonly used in agriculture, as in addition to their anti-inflammatory 74 effects, are antimicrobial. SCFAs have exhibited particular successes in reducing pathogen numbers in 75 poultry, with PA particularly effective in reducing Salmonella and Campylobacter carriage [5] [6] [7] [8] . PA is 76 also an effective antimicrobial agent used in Western food production and agriculture to reduce the need 77 for antibiotic use amidst growing antibiotic resistance concerns [9] [10] [11] . Preservation of animal feed, grain, 78 and food accounted for almost 80% of PA consumption across the world in 2016 with Western Europe 79 (40% of total use), North America (30%) and Asia (23%), the main consumers (17). However, the success 80 of SCFAs in reducing antibiotic dependence is now seeing their use spread to countries across Africa, the 81 Middle East and Central and South America [12] .
82
PA has attracted recent interest, as PA supplementation in murine models has been shown to 83 reduce the severity of Crohn's disease (CD) and the associated colitis [13, 14] . CD is a debilitating and 84 incurable inflammatory disease of a multi-factorial nature that occurs in genetically susceptible 85 individuals. The mechanisms underlying the disease are not fully understood however it is thought that 86 defects in the immune response to the gut microbiota are a contributing factor [15] [16] [17] [18] . Sudden changes in 87 diet have been shown to result in rapid changes in the gut microbiota [19] [20] [21] , while the inflammation 88 associated with CD results in markedly decreased microbial diversity [22] [23] [24] . Levels of 89 Page 4 of 24 Enterobacteriaceae in particular are higher in intestinal samples from CD patients when compared to 90 healthy controls [25] [26] [27] . One group of Enterobacteriaceae that is of particular interest is the Escherichia 91 coli pathotype, adherent-invasive E. coli (AIEC). These bacteria are overrepresented in the intestinal 92 microbiota in the inflamed gut of CD patients being present in 51.9% of mucosal samples from CD 93 patients compared with 16.7% in healthy controls [28] . Key features of the AIEC pathotype that 94 distinguish them from non-invasive commensal strains include; adherence to and invasion of the intestinal 95 epithelium, an increased ability to form biofilms, and the ability to survive and replicate within 96 macrophages without inducing cell death [28] . While AIEC strains harbour genetic similarity, in terms of 97 phylogenetic origin and virulence genotype, with extra-intestinal pathogenic E. coli (ExPEC), they have 98 few known virulence factors [29] . This apparent lack of virulence factors, and the discovery of AIEC 99 strains across all five major diverse phylogroups of E. coli mean that an overarching explanation for the 100 origin and virulence of AIEC has remained out of reach. This is of significant interest given that PA is a 101 natural human intestinal antimicrobial; and AIEC is both phylogenetically and genomically linked to 102 avian pathogenic E. coli (APEC) species [28, [30] [31] [32] [33] [34] which doubtless come into contact with SCFAs that 103 are used extensively in poultry production [9, 11] . Additionally, there is mounting evidence of horizontal 104 transmission of E. coli with poultry considered a potential vehicle or reservoir for other human disease 105 causing Escherichia coli, such as extraintestinal pathogenic E. coli (ExPEC) [3, [35] [36] [37] .
106
In this study, we show that exposure of AIEC to PA results in an ability to utilize PA as a carbon 107 source whilst simultaneously enhancing the virulent adherent and invasive phenotype of AIEC. The basis 108 of these phenotypic changes was determined by RNA sequencing and the phenotype was determined to 109 be reversible by removal of PA, suggesting an epigenetic basis for the changes. Exposure to PA also 110 increases the colonization and long-term persistence of LF82 within a humanized murine model where 111 PA levels have been increased from the low levels of the mouse intestine to those closer to that seen in the 112 human intestine. This is the first time that a direct link has been made between bacteria over-represented 113 in CD and a common SCFA preservative. Our work indicates that further research is needed to 114 Page 5 of 24 understand the consequence of the use of SCFA antimicrobials especially when, as in the case of PA, they 115 play such important roles in maintaining human intestinal health.
116
Results
117
Short chain fatty acids as antimicrobials
118
To examine the impact of PA on the phenotype of AIEC, LF82 was grown in minimal media 119 supplemented with PA as the sole carbon source (20 mM). PA concentration increases across the human 120 intestine from 1.5 mM in the ileum to 27 mM in the colon, with the greatest inhibitory effect on bacterial 121 colonization seen where PA is highest [5, 38] . Therefore 20 mM was chosen as a physiologically relevant 122 concentration to grow LF82, as AIEC are known to colonize the ileal/colonic junction [25] . While LF82 123 was able to grow in PA, the human commensal E. coli strain, F-18 (38), replicated extremely poorly.
124
Following successive sub-culturing over five growth cycles in PA supplemented minimal media, a 'PA-125 adapted' strain of LF82 was generated termed LF82-PA. LF82-PA had a significantly reduced doubling 126 time (3.98 h) in PA when compared to wild type LF82 (25.59 h; Fig. 1a ). We were unable to generate a 127 corresponding PA-adapted version of F-18 due to its reduced ability to metabolize and grow in PA. The 128 increased rate of growth was specific to PA and did not impact growth of LF82-PA in nutrient rich 129 Lysogeny broth (LB; Fig. 1b ).
130
Propionic acid exacerbates the adherent and invasive and biofilm forming phenotypes of AIEC
131
AIEC adherence to, and invasion of, the intestinal epithelium and their increased ability to form 132 biofilms are key features of this pathotype that distinguish them from non-invasive commensal strains 133 [28] . To better understand any effects of increased growth on PA on these attributes in LF82-PA a 134 number of virulence assays were performed. LF82-PA showed a significant increase in adherence to 135 Caco-2 human intestinal epithelial cells when compared to wild type LF82 (>7.45 fold; p-value = 0.0371; 136 Fig. 1c ), whilst a trend towards increased invasion by LF82-PA was also observed but was not significant 137 (>5.26 fold; p-value = 0.3297; Fig. 1d ). Biofilm formation by LF82-PA was also significantly enhanced 138 under anaerobic conditions (>1.72 fold; p-value = 0.00019; Fig. 1e ). Finally, LF82-PA was more acid 139 Page 6 of 24 tolerant than LF82 despite adaptation to PA being carried out at pH 7.4 ( Fig. 1f) . A reduction in cell 140 number was seen for both strains in response to acidic conditions (pH 3) however the LF82-PA strain 141 survived in greater numbers and for longer periods of time (At 20 min, LF82-PA recovered >30.4 fold 142 higher than LF82 [p-value = 0.0286]; at 40 min, LF82-PA was >22.7 fold higher [p-value = 0.028].
143
We hypothesized that this increased virulence was likely to be mediated by changes in the 144 composition of the bacterial membrane following growth on PA. Direct incorporation of PA into the 145 membrane is a mechanism employed by bacteria to minimize the toxic effects of excess PA in the 146 environment [40] [41] [42] . Gas chromatography coupled to isotope ratio mass spectrometry (GC-IRMS) using 147 13 C labelled PA (1-13 C sodium propionate) revealed that PA was not incorporated into odd chain long 148 chain fatty acids (LCFAs). However, there appeared to be significant 13 C enrichment in 12 fatty acid 149 methyl esters (FAMEs) that did not correspond to any of 37 FAMEs in our reference standard (see 150 Supplementary experimental procedures). However we speculated that the proximity of these labelled 151 peaks to LCFAs was due to incorporation of PA into methylated or branched chain fatty acids (BCFAs) 152 as described previously during Mycobacterium tuberculosis growth on and detoxification of PA [40] .
153
A transcriptional basis for enhanced LF82-PA virulence 154
Genome sequencing of three independently adapted biological replicates of LF82-PA revealed a 155 number of single nucleotide polymorphisms (SNPs; Supplementary File S1). However, no SNPs were 156 conserved across all strains. Detailed analysis of the genes and pathways in which the SNPs were 157 identified did not lead to the identification of any candidate pathways that may explain the changes in 158 virulence observed. However, we cannot exclude the possibility that different combinations of small 159 genomic changes could result in the same outcome at the transcriptional level.
160
Therefore, given no mutational basis for the observed increase in virulence was detected, we 161 employed a comparative RNA-sequencing (RNA-seq) approach to probe the global transcriptional 162 profiles of LF82 and LF82-PA grown on PA. RNA-sequencing revealed 25 differentially expressed genes 163 (DEGs; P-value ≤ 0.05) between LF82 and LF82-PA ( Fig. 2 ; Supplementary Table S2 ); 24 were Page 7 of 24 upregulated in the LF82-PA strain and one (mcbR; -20.85 fold) was downregulated. Of the 25 DEGs 165 identified by RNA-seq, 21 including mcbR, were validated as significantly altered by PA using qRT-PCR 166 ( Supplementary Fig. S1 ). Functional grouping of these 21 DEGs revealed their roles in diverse processes 167 including biofilm formation, stress responses, metabolism, membrane integrity and transport of 168 alternative carbon sources ( Fig. 2c ; Supplementary Table S2 ). Eight DEGs have well described roles in 169 biofilm formation further adding to our in vitro findings indicating that PA was a driver of adhesion and 170 biofilm formation ( Fig. 1c & e ). Upregulation of another DEG, a regulator of membrane fatty acid 171 composition yibT, adds further evidence for potential detoxification of PA through membrane 172 incorporation [40, 41] . This RNA-seq analysis indicates that prior exposure of LF82 to PA can result in 173 significant changes in transcription leading to an altered virulence phenotype.
174
The enhanced LF82-PA phenotype is reversible 175 Recently, a long-term epigenetic memory switch with a role in controlling bacterial virulence 176 bimodality was identified in enteropathogenic E. coli (EPEC) [43] . This 'resettable phenotypic switch' 177 results in populations of virulent and hypervirulent genetically identical subpopulations that are retained 178 through generations. As the virulent phenotype persists over a number of generations, and was not 179 explained by genetic analysis, we hypothesised that the phenotype we see may be as a result of a similar 180 epigenetic memory switch in LF82-PA. In order to examine this hypothesis, the LF82-PA strain was 181 repeatedly passaged through rich (LB) media with no PA selective pressure. After five successive 182 subcultures, the strain (LF82-PA-LB) no longer exhibited an increased growth rate in PA as LF82-PA 183 did; and its virulence phenotype with regards adherence and invasion reverted to that of the wild type 184 LF82 strain (Fig. 3 ). This indicates that the changes induced by PA were epigenetic and not due to SNPs 185 or mutations. 
186
PA supplementation in a murine model promotes colonization and long-term persistence of AIEC
201
For analysis of long-term persistence of both LF82 and LF82-PA, mice were again provided PA 202 supplemented (20 mM) water for three days prior to infection, and for the 21-day duration of the 203 infection. LF82-PA was again found to persist in significantly greater numbers than LF82 in both the 204 ileum ( Fig. 4c, >54 .02 fold; p-value = 0.034) and colon (Fig. 4d, >73 .44 fold; p-value = 0.013). Again 205 this increased persistence was PA dependent, as LF82-PA did not colonize either site to a greater extent in 206 the absence of PA (Fig. 4g , ileum: >0.16 fold; p-value = 0.237; Fig. 4h , colon: >0.81 fold; p-value = 207 0.719). No significant difference in the persistence of either strain was observed in the caecum, 208 irrespective of the presence of PA ( Supplementary Fig. S3 , >13.05 fold increase; p-value = 0.376).
209
Discussion
210
Dietary additives, and a mock Western diet, have been demonstrated to contribute to increased 211 colonization of AIEC in murine models [20, 21] . Additionally, recent evidence has implicated the food 212 additive trehalose as a contributory factor in the emergence and hypervirulence of two epidemic lineages 213 of Clostridium difficile [44] . Here we add to these findings demonstrating that a dietary and common-use 214 Page 9 of 24 antimicrobial can significantly increase the virulence of AIEC. The use of PA as an antimicrobial stems 215 from its inhibitory effects on bacterial colonization of the host, being both toxic and acting as a signal for 216 virulence gene repression [5] [6] [7] . Given its potent antimicrobial effect, AIEC adapting to and growing on 217 PA was unexpected (Fig. 1a ). PA is of limited nutritional value to most prokaryotes with sustained 218 growth leading to the production of toxic by-products [45] . However, a small number of bacteria are 219 capable of growing on PA and it is recognized as being a major virulence determinant for Mycobacteria 220 spp. which can degrade [46] or incorporate PA into membrane surface lipids [40] [41] [42] . Here, we saw 221 similar changes in lipid content post-growth on PA with appearance of novel, and what we speculated to 222 be branch chain, fatty acid methyl esters (FAMEs). Adaptation to PA also manifested in increases in; 223 adherence to a human colonic intestinal epithelial cell line, biofilm formation and colonization and 224 persistence in the murine intestine. Importantly, after exposure to PA LF82-PA exhibited increased 225 resistance to low pH meaning these bacteria are likely to be increasingly resistant to stomach acids and 226 therefore potentially better able to reach and colonize the human intestine.
227
Mucosa-associated AIEC have been predominantly recovered from both the ileum [30, 47, 48] and 228 the colon [25, [48] [49] [50] of CD patients. In the present study, both LF82 and LF82-PA colonized the ileum, 229 caecum and colon of male C57BL/6 mice but with no significant difference in colonization levels 230 between LF82 and LF82-PA in a standard mouse model. However, given PA levels are significantly 231 lower in the gastrointestinal tract of mice compared to humans (31; Fig. S2a ), we employed PA 232 supplementation to raise PA levels in our in vivo mouse model closer to those observed in humans. These 233 mice were significantly better colonized by LF82-PA in both the ileum and colon (Fig. 4) . This suggests 234 that the prior exposure to PA renders LF82-PA better equipped to colonize an intestine, such as that in 235 humans, with higher PA levels than those in a normal mouse. The increased intestinal PA also resulted in 236 greater persistence of LF82-PA in both the ileum and the colon. Again this persistence was LF82-PA 237 specific with the LF82 strain exhibiting a trend towards reduced persistence in the presence of increased 238 PA, as previously described for Campylobacter and Salmonella [5] [6] [7] [8] .
239
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Our findings raise a number of important issues. Firstly, present mouse models, given their 240 distinct differences in SCFA levels to those of humans, are likely even poorer models for human intestinal 241 disease than is already known [51] . Secondly, PA reduces colonization and persistence of a wild type 242 AIEC strain as expected, but repeated exposure to PA creates a readily adapted strain of AIEC (LF82-PA) 243 that easily colonizes and persists in the mouse where higher PA levels are representative of the human 244 gut. Given the wide use of PA environmentally and agriculturally it is not inconceivable that bacteria such 245 as AIEC come into contact with such concentrations of PA with concentrations in animal water, feed and 246 silage reported to be 20 mM and higher [5, 7, 8, 52] . Such exposure would likely make the PA 247 concentrations in the human intestine, which increase from 1.5 mM in the ileum to 27 mM in the colon, 248 easily tolerable to a strain such as the one we indicated here can be adapted [5, 38] .
249
To elucidate a mechanism behind the increased LF82-PA virulence, genomic and transcriptomic 250 approaches were undertaken. While no reproducible differences were observed between LF82 and three 251 independent replicates of LF82-PA at a sequence level, it cannot be ruled out that diverse combinations of 252 SNPs may converge on the same phenotype. RNA-sequencing did, however, identify significant 253 transcriptional differences between the strains, with 21 DEGs identified and validated ( Fig. 2 the high PA concentration of the caecum and colon have been shown to represses Salmonella 264 pathogenicity island 1 (SPI1) which is essential for colonization [5, 57, 58] . In contrast to these findings, Page 11 of 24 we show that AIEC are not only able to tolerate these higher PA concentrations, but actively use PA as a 266 stimulus for colonization with genes for such highly upregulated in the presence of PA. However, the 267 LF82-PA phenotype is reversible (Fig. 3) , which ultimately suggests that the adaptation to PA is most 268 likely the result of an epigenetic trait in a similar manner to the epigenetic memory switch seen in EPEC 269 [43] . This ability to rapidly adapt to the surrounding environment makes AIEC more likely to cross from 270 the environment, poultry or FPAs to humans, colonize and persist in the human intestine.
271
In conclusion, the data presented in this study demonstrate that increased exposure to PA results 272 in a more virulent AIEC strain that is readily adapted to utilize abundant SCFAs such as in the human 
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Biofilm assays. Crystal violet static biofilm assays were performed as described previously [61] .
309
Anaerobic culture conditions were achieved using a microaerophilic cabinet. PA was added to a final 310 concentration of 20 mM.
311
Adherence and invasion assays. Caco-2 IECs were washed once before infection and bacterial 312 suspensions were added at an MOI of 100. The infection was allowed to proceed for 2 h at 37°C in 5% 313 CO 2 atmosphere. Non-adhered bacteria were washed away and the infected cells were lysed with 1% 314 Page 13 of 24 Triton X-100 for 5 min. Bacteria were serially diluted in Luria Bertani (LB) broth and spread onto LB 315 agar plates. Total bacteria were enumerated by counting colony forming units (CFUs) after overnight 316 incubation at 37ºC. To determine bacterial invasion, cells were infected for 6 h, extracellular bacteria 317 were then washed away and 50 µg/ml gentamycin sulphate was added for 1 h to kill any remaining cell-318 associated bacteria before triton X-100 treatment.
319
Acid survival assays. Cultures of bacteria were grown overnight at 37°C in LB. The pH of these cultures 320 was lowered to pH 3 using 1 M HCl. Samples were taken every 20 min for 1 h and serially diluted in LB.
321
Dilutions were plated in triplicate onto LB agar and incubated overnight at 37°C. Colonies were counted 322 to determine the number of surviving cells.
323
Total RNA extraction and mRNA enrichment. Bacterial cultures were grown as above and mixed with 324 two volumes of RNAprotect reagent (Qiagen, Valencia, CA, USA), before incubating for 5 min at room 325 temperature. Total RNA was extracted, genomic DNA removed and samples enriched for mRNA as 326 described previously by Connolly et al. (2016) . Samples for RNA-sequencing (RNA-seq) analysis were 327 QC tested for integrity and rRNA depletion using an Agilent Bioanalyzer 2100 (University of Glasgow, Needle. The sequence reads in this paper have been deposited in the European Nucleotide Archive under 339 study (upload in progress).
340
RNA-seq transcriptome generation and data analysis. cDNA synthesis and sequencing was performed at 341 the University of Glasgow Polyomics Facility, essentially as described by Connolly et al. (2016) . Briefly, 342 sequencing was preformed using an Illumina NextSeq 500 platform obtaining 75 bp single end reads.
343
Samples were prepared and sequenced in triplicate. Raw reads were QC checked using FastQC Supplementary Table   358 S1.
359
Construction of p16Slux. LF82 and LF82-PA lux integrated strains containing the erythromycin 360 cassette were generated using the protocol of Riedel et al. [65] . The bioluminescent properties of these 361 strains allowed visualization of the establishment of infection but despite bacteria being recovered it was Page 15 of 24 noted that bioluminescent signal was lost. However, upon plating the murine microbiome onto LB agar 363 containing ampicillin (100 µg/ml), it was observed that several members of the microbiota also harboured 364 ampicillin resistance. LB supplemented with erythromycin (500 µg/ml) did not support the growth of any 365 microbiota species; therefore utilizing the erythromycin cassette inserted as part of the lux integration 366 allowed for the selection of LF82 and LF82-PA, and was used in subsequent animal experiments.
367
Animal experiments. All animal procedures were approved by an internal University of Glasgow ethics 368 committee and were carried out in accordance with the relevant guidelines and regulations as outlined by 369 the U.K. Home Office (PPL 70/8584). Male C57BL/6 mice aged between eight and ten weeks were 370 obtained from The Jackson Laboratory (Envigo). Twenty millimolar sodium propionate was administered 371 to C57BL/6 mice in drinking water three days prior to infection. Control mice were given only sterile 
